Although the association between the Ser9Gly polymorphism of the dopamine D3 receptor gene (DRD3) and schizophrenia has been investigated by many research groups, it is not known whether the Ser9Gly polymorphism alone or a variation in linkage disequilibrium may effect susceptibility to schizophrenia. We searched the 5Ј region of the DRD3 gene and found three novel polymorphisms: −712G/C, −205A/G, and Ala38Thr. The Ala38Thr polymorphism is located in the first transmembrane region and is conserved in the monkey, mouse, and rat. Case-control comparisons in 153 Japanese schizophrenia patients and 122 Japanese controls did not suggest an association between Ala38Thr and schizophrenia. However, there was a marginally significant association between the Ser9 allele of the Ser9Gly polymorphisms and schizophrenia (P = 0.02). Furthermore, there was a highly significant association between haplotypes of the −712G/C, −205A/G, and Ser9Gly polymorphisms and schizophrenia (P = 0.0007, corrected P = 0.007). These positive findings were replicated in an additional 99 Japanese schizophrenia patients and 132 controls (P = 0.04 and 0.0004, respectively). The most allelic differences of the Ser9Gly polymorphism between patient and control groups arose from the chromosome carrying specific alleles of the other three polymorphisms. This study indicates unknown variant(s) in linkage disequilibrium with the DRD3 haplotypes associated with schizophrenia. Molecular Psychiatry (2000) 5, 433-438.
Several lines of evidence suggest that the dopamine D3 receptor is involved in the pathophysiology of schizophrenia. The D3 receptor has a restricted pattern of expression in brain limbic areas associated with cognitive function and motivated behavior. 1 It may mediate the pharmacological effects of antipsychotic drugs, since typical and atypical antipsychotic drugs have a relatively high affinity for the dopamine D3 receptor. 2 Postmortem studies suggest a selective loss of DRD3 mRNA in parietal and motor cortical regions of patients with chronic schizophrenia.
3 D3 selective agonists and antagonists reveal an inhibitory role on motor behavior for the D3 receptor, opposite to that of the D2 receptor. Tolerance to the motor but not to the therapeutic effects of neuroleptics is observed after prolonged treatment, which up-regulate D2 but not D3 receptor levels in animals. 4 A genetic association between the Ser9Gly polymorphism of the dopamine D3 receptor gene (DRD3) and schizophrenia has been investigated by many researchers. Groups in the UK and France found an association between homozygosity of this polymorphism and schizophrenia. 5 Some studies imply that a disproportionate frequency of homozygosity may be pronounced in patients with a family history of schizophrenia 6 and in patients with a good response to neuroleptics. 7 Although many researchers reported negative findings in unselected samples, [7] [8] [9] [10] [11] [12] [13] [14] [15] a meta-analysis of over 30 case-control studies resulted in a higher frequency of both forms of the homozygote in schizophrenia patients than in controls, 16 at least among Caucasians. 17 However, it is not known whether the Ser9Gly polymorphism alone or a variation in linkage disequilibrium has any effect upon susceptibility to schizophrenia. Receptor binding analysis using the Ser9Gly mutant human dopamine D3 receptor expressed in the Semliki Forest Virus system showed a significantly higher dopamine binding affinity for the Gly9 homozygote, but the binding of the heterozygote did not differ from that of the Ser9 homozygote. The D3-selective ligand GR99841 showed significantly lower binding activity for the Ser9 homozygote than both the homo-and heterozygote for Gly9. 18 However, the differences in the binding affinity are small, and the relevance of this finding in relation to disease is unclear.
To find DNA variant(s) in linkage disequilibrium with the Ser9Gly polymorphism, we searched for mutation(s) in the 5Ј region and exon 1 of the DRD3 gene in 48 randomly-selected schizophrenia patients using PCR -single-strand conformation polymorphism (SSCP) method. The PCR primers and conditions are listed in Table 1 . We detected three novel polymorphisms: −712G/C, −205A/G, and Ala38Thr (Figure 1 ). The four polymorphisms were in strong linkage disequilibrium with each other (Table 2 ). Specifically, the −712G/C and −205A/G polymorphisms were in almost complete linkage disequilibrium in both control and schizophrenic subjects. Genotype and allele distributions of these novel polymorphisms and the Ser9Gly polymorphism in 153 schizophrenia patients and in 122 controls are shown in Table 3 . The genotype distributions of these polymorphisms did not deviate significantly from Hardy-Weinberg expectations in the control or patient groups. The frequency of the Ser9 allele was significantly higher (P = 0.02) and that of the Ser9/Ser9 genotype tended to be higher (P = 0.09) in the schizophrenia patients than in the controls. Estimated haplotype frequencies are shown in Table  4 . Estimated haplotype frequencies of all four polymorphisms were significantly different between the schizophrenia patients and controls (P = 0.015). The most marked difference in haplotype frequencies occurs for the C-G-Gly-Ala haplotype, which was more common in controls than schizophrenia patients. In addition, we compared estimated haplotype frequencies of 10 possible combinations of the four polymorphisms between patient and control groups (Table 4) . Differences in estimated haplotype distributions of the −712G/C, −205A/G, and Ser9Gly polymorphisms were also significant (P = 0.0007, corrected P = 0.007). Different allele frequencies of the Ser9Gly polymorphism between the schizophrenia patients and the controls largely resulted from the chromosomes carrying the C allele of the −712G/C polymorphism. Case-control genetic association studies are susceptible to the ability of population stratification to produce type 1 error. To confirm the findings suggesting the allelic and haplotype associations described above, we analyzed an additional 99 Japanese schizophrenia patients and 132 controls. The Ser9 allelic (P = 0.008) and genotypic (P = 0.04) association of the Ser9Gly polymorphism and haplotype association of the −712G/C, −205A/G, and Ser9Gly polymorphisms (P = 0.0004) were again suggested (Tables 5 and 6 ).
In this study, we detected one novel missense polymorphism resulting in the substitution of threonine, a hydrophilic amino acid, for alanine, a hydrophobic amino acid, at codon 38 in exon 1 of the DRD3 gene. This polymorphism is located in the first transmembrane region of DRD3 and Ala38 is conserved in the green monkey, mouse, and rat. Although the Ala38Thr variant may have an altered receptor function, our subjects did not show any association between this polymorphism and schizophrenia. No homozygote for the Thr38 allele was found among our subjects.
Shaikh and colleagues have reported a significant association between the Ser9 allele and the Ser9/Ser9 genotype of the Ser9Gly polymorphism with schizophrenia in 133 Caucasians. 19 In this and other metaanalyses, Ser9 and the Ser9/Ser9 genotype were found to be significantly associated with schizophrenia. 17, 19 In this present study, we also observed an increased frequency of the Ser/Ser genotype and the Ser allele in Table 4 Estimated haplotype frequencies ± SD in the controls and schizophrenics schizophrenia patients as compared with controls. It is possible that the haplotype association observed in this study reflects an association of the Ser9Gly polymorphism with schizophrenia. In fact, haplotype frequencies that were significantly different between the subject groups were those containing the Ser9Gly polymorphism ( Table 4 ), indicating that the Ser9Gly polymorphism is the greatest contributor of the four polymorphisms to the haplotype association. However, because most allelic differences of the Ser9Gly poly- Table 6 Replication of the associations between the −712G/C, −205A/G, and S9G polymorphism haplotype and schizophrenia in an additional 132 controls and 99 schizophrenia patients
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frequencies ± SD) C-A-Gly 0.004 ± 0.004 0.000 ± 0.000 C-G-Ser 0.011 ± 0.007 0.076 ± 0.019 C-G-Gly 0.284 ± 0.028 0.177 ± 0.027 G-A-Ser 0.633 ± 0.030 0.682 ± 0.033 G-A-Gly 0.049 ± 0.013 0.045 ± 0.015 G-G-Ser 0.019 ± 0.008 0.020 ± 0.010 G-G-Gly 0.000 ± 0.000 0.000 ± 0.000 morphism between patient and control groups arose from the chromosome carrying the C allele of the −712G/C and the G allele of the −204A/G polymorphism, we conclude that the haplotypes of the −712G/C, −204A/G, and the Ser9Gly polymorphisms, rather than the Ser9Gly polymorphism alone, are associated with schizophrenia. We believe that unknown variant(s) in linkage disequilibrium with the haplotypes have an effect on susceptibility to schizophrenia. The haplotype association observed in this study is just a hint for further studies on the relation between the DRD3 gene and schizophrenia. The haplotype association needs to be replicated in independent samples. Since haplotype frequencies and linkage disequilibrium are often different between racial/ethnic groups, independent studies in various populations are important. Studies using large sample sizes are needed to detect effects of the numerous rare haplotypes. The structure of the promoter and regulatory regions of the human DRD3 gene have to be elucidated. Without the structural information of the gene, the functional significance of the −712G/C and −204A/G polymorphisms can not be addressed experimentally. Further studies will elucidate the role of the DRD3 gene in schizophrenia.
Methods

Subjects
The schizophrenia patients analyzed in this study were 153 unrelated Japanese patients (88 men and 65 women with a mean ± SD age of 45.3 ± 12.1 years). They were recruited from a group of patients who were being treated at six hospitals near Tokyo in Japan. All patients satisfied the ICD-10 or DSM-III-R criteria for schizophrenia. The control subjects consisted of 122 unrelated Japanese (59 men and 63 women with a mean ± SD age of 47.2 ± 10.5 years). They were hospital staff members. An additional 99 Japanese schizophrenia patients (52 men and 47 women with a mean ± SD age of 47.8 ± 9.8 years) and 132 controls (73 men and 59 women with a mean ± SD age of 48.5 ± 11.3
Molecular Psychiatry years) were analyzed to confirm the positive findings observed in the first samples. This study was approved by the Ethics Committees of Tsukuba University and Tokyo Medical and Dental University. All subjects agreed to participate in this study and gave written informed consent.
DNA analysis
Genomic DNAs were prepared from peripheral whole blood cells by the standard phenol extraction method. Polymerase chain reaction (PCR) was used to amplify the 5Ј-flanking region ranging from −800 bp to the transcription site and exon 1 of the DRD3 gene. The genomic nucleotide sequence was obtained from GenBank accession numbers AF033621 and HSU2525441. The PCR amplification conditions and primers are shown in Table 1 .
Genetic variants were screened in 48 randomlyselected schizophrenia patients by the SSCP method using the PhastSystem (Pharmacia, Piscataway, NJ, USA). Direct sequencing was carried out using a Dye Terminator Cycle Sequencing Kit and an ABI PRISM 310 DNA Sequencer (Perkin-Elmer, Oak Brook, IL, USA). The nucleotide variants detected in this study were genotyped by restriction fragment length polymorphism (RFLP) method after PCR amplification (Figure 1) . Genotyping of the Ser9Gly polymorphism was carried out according to the method described by Lannfelt et al. 20 The fragments were separated on either 2% agarose gels or 3% agarose and 1.5% Nu-Sieve gels, and visualized by ethidium bromide staining and ultraviolet transillumination.
Statistical procedures
The following statistical procedures were carried out using Arlequin ver 1.1 (http://anthropologie. unige.ch/arlequin). Deviation of genotype frequencies from Hardy-Weinberg values was tested. Maximumlikelihood haplotype frequencies were estimated from the observed data using an expectation-maximization (EM) algorithm. Linkage disequilibrium values (D), standardized disequilibrium values (DЈ = D/D max ), and significance of linkage disequilibrium were computed from estimated haplotype frequencies. Differences in observed allele and genotype frequencies and estimated haplotype frequencies between groups were tested for significance using the tests analogous to Fisher's exact test on a 2 × 2 contingency table or a 2 × (No. of genotypes or haplotype) contingency table. P-values were obtained after more than 300 000 Markov chain steps. A P-value Ͻ0.05 was considered significant in tests for Hardy-Weinberg equilibrium. When genotypic and allelic distribution of each polymorphism was compared between the patient and control groups, no correction for multiple testing was made because the four polymorphisms examined in this study are in strong linkage disequilibrium each other. For comparisons of estimated haplotype frequencies, a P-value Ͻ0.05 was considered significant when haplotypes of all four polymorphisms were evaluated. When the haplotypes of two or three polymorphisms were selec-ted from four polymorphisms for comparison, ten polymorphism combinations are possible and a P-value Ͻ0.005 (0.05/10) was considered significant.
